The contribution of retrograde coronary flow to total collateral flow was examined transmurally in anesthetized, open-chest dogs subjected to acute obstruction of the left anterior descending coronary artery. Regional coronary flow in normal and ischemic tissue was reflected by the tissue content of radioisotopes of potassium and rubidium and by radioactive microspheres. To measure total collateral flow, one isotope was administered when the retrograde cannula was clamped. The other isotope was administered when the cannula was opened to divert retrograde coronary flow away from acutely ischemic myocardium. Significant quantities of this isotope reached the ischemic region despite diversion of retrograde flow at an average rate of 3.5 ml/min. These results confirm earlier, but disputed, reports that total coronary collateral flow exceeds retrograde flow and are indicative of collateral pathways associated more closely with the microcirculation than with the larger epicardial arteries. Furthermore, the transmural distribution of myocardial blood flow in the ischemic tissue was altered nonuniformly by diversion of retrograde flow: "K or "Rb uptake was reduced to 25% of control in subepicardial tissue but only to 709b of control in subendocardial tissue. The transmural distribution of radioactive microspheres was similarly affected by diversion of retrograde flow. The results suggest that collateral pathways differ transmurally and may include significant luminal connections. Retrograde coronary flow is not a sensitive index of collateral flow to acutely ischemic subendocardial tissue. This study was supported in part by the Cardiology Fund, U. S. Public Health Service Grant HL05396 from the National Heart and Lung Institute, and American Heart Association Texas Affiliate, Inc.
Values are averages ± SE. Mean arterial blood pressure was measured with a Statham 23Db transducer via a cannula inserted in the carotid artery. Aortic and left circumflex blood flows were determined using Micron model RC 1000 electromagnetic flowmeters. Heart rate was measured with a Beckman model 9857 cardiotachometer. All of these parameters were recorded on a Beckman model R-411 recorder. Arterial Po,, Pco,, and pH along with retrograde blood Po, were evaluated using an Instrumentation Laboratory model 113 pH/gas analyzer. Retrograde flow determinations involved timed collections of blood.
then removing a 20-gauge needle. Five minutes later, the artery was completely occluded with a second ligature. Soon after occlusion of the left anterior descending coronary artery, a large area of cyanosis was visible on the left ventricular free wall; this area is referred to as the "ischemic region." A vinyl cannula (1.7 mm, i.d., 29 cm long) with a measured resistance to blood flow of 0.4 mm Hg/ml min" 1 was secured in the left anterior descending coronary artery just distal to the occlusion. This cannula was closed except for the brief period during which the retrograde coronary flow was diverted away from the myocardium. When the cannula was opened, its tip was positioned at heart level, and retrograde flow was measured by timed collection.
The myocardial distribution of coronary flow was investigated in 13 hearts with diffusible indicators of tissue blood flow, radioactive isotopes of potassium ( 4J K) and rubidium ("Rb). Since myocardial uptake of these two tracers is largely limited by the rate of blood flow (10, 11) , one isotope indicated the distribution of coronary blood flow when the cannula was closed (control distribution) and the other indicated the distribution when the cannula was open. The difference between the distributions of these two isotopes should reflect the distribution of that portion of the collateral flow which is vulnerable to diversion of retrograde flow.
The two isotopes were alternately used for these flow measurements, so that any preferential uptake of one isotope was negated. In eight dogs, isotopic administration was first made with the cannula closed and then with the cannula open. In the other five dogs, the order was reversed. Approximately 0.4 me of each isotope was administered intravenously over 10-15 seconds. The heart was removed 2 minutes after the second tracer had been administered; it was immediately frozen for sampling of myocardial tissues. In six of these experiments, arterial blood for isotopic analysis was collected at the time of cardiectomv.
Myocardial tissue sections weighing approximately 9 g were cut from normal myocardium (tissue perfused by the left circumflex coronary artery) and from the ischemic myocardium (tissue perfused by collateral vessels). For sampling, the ischemic region was delineated by the left anterior descending coronary artery and one of its larger branches that originated just distal to the occlusion. Tissues from the papillary muscles and from near the apex were not included in the samples. The sections were subdivided visually into three approximately equal layers: epicardial, midmyocardial, and endocardial. The tissue samples were individually weighed and digested in nitric acid to improve the counting geometry. The quantity of each isotope in the tissue samples was determined by standard procedures of gamma-spectroscopy using a dual-channel automatic counter (NuclearChicago 4233) and a mini-computer (DEC PDP-8E). Corrections were made for decay of "K during counting. Radioactivity was expressed as a percent of the total administered dose per gram of myocardium or per milliliter of blood.
In another group of seven dogs, the similarity of "K and M Rb distributions in normal and ischemic myocardium was examined by combining the two isotopes (0.4 me of each) and administering them 3 minutes after total occlusion of the left anterior descending coronary artery. Two minutes later, the heart was removed, and the myocardial content of each of the isotopes was determined as described in the preceding paragraph except that the myocardium was divided into halves.
In six additional experiments, the effects of diversion of retrograde flow on the distribution of myocardial blood flow was determined using radioactive microspheres. Dog preparation and tissue sampling were the same as they were when "K and "Rb were used. Approximately 5 x 10* carbonized microspheres (3M Company) 8-10M in diameter, labeled with either "Sc, "Sr, or u 'Ce, were flushed into the left atrium for each flow determination.
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Doses of this magnitude during diversion of retrograde flow resulted in a density of approximately 400 microspheres/sample in the subendocardial tissue, a density sufficient to reduce random distribution errors to less than 20% (12) . The subepicardial and midmyocardial regions contained fewer microspheres; thus, flows to these regions during diversion of retrograde flow were measured with less accuracy. However, these flows were so different from subendocardiaj flow that errors approaching 70% (12) would not have altered our conclusions. No changes in arterial blood pressure, left circumflex coronary artery flow, or the electrocardiogram were observed when the microspheres were administered.
Regional myocardial blood flow (ml/min g" 1 ) was computed by the reference sample technique described by Makowski et al. (13) . Essentially, arterial blood samples were collected at a constant rate for several minutes after administration of the microspheres. From the concentration of radioactivity in these reference samples, the amount of blood flow required to account for the observed myocardial radioactivity was computed.
To further ensure that the coronary circulation had not been altered by the microspheres, duplicate determinations of control myocardial flow were made using different isotopes. In two experiments the control flow distribution was labeled before the cannula was opened and again after the cannula had been reclamped. In the other four experiments, both control determinations were made after the cannula had been reclamped.
Evaluations of statistical significance were made using paired Student's t-tests.
Results
The diffusible tracers of blood flow, "K and "Rb, were similarly taken up by both normal and ischemic myocardium when these isotopes were combined and injected simultaneously ( Table 2) . In these hearts, the ischemic tissue contained about 21% as much radioactivity as did the normally perfused tissue.
When the isotopes were sequentially administered, 1 ml of arterial blood collected at cardiectomy contained 0.24 ± 0.02 (SE) X 10~2% of the first isotope dose and 0.61 ± 0.04 x 10~2% of the second isotope dose. These data and the vascular volumes reported by Bloor and Roberts (5) for normal and ischemic myocardium were used to correct for the intravascular portion of the total radioactivity of the tissue samples. These corrections were small, varying from 0.02 x 10" * to 0.05 x 10" 2 % dose/g ( Table 3 ).
The results obtained using 42 K and "Rb to determine the effects of diverting a portion of the coronary collateral flow are shown in Table 3 . In normal myocardium, coronary blood flow, as reflected by the tracers, was distributed uniformly across the ventricular wall regardless of whether the retrograde cannula was open or closed. The normal myocardium received slightly more isotope during control conditions than it did during retrograde flow diversion, but this difference was not statistically significant. Occlusion of the left anterior descending coronary artery markedly reduced the uptake of the flow tracers in the ischemic region. When the retrograde cannula was closed, both the midmyocardial and the endocardial layer contained significantly less tracers than did the epicardidl layer (P < 0.05). Opening the retrograde cannula diverted collateral flow from the ischemic region at an average rate of 3.5 ml/min without altering aortic pressure, aortic flow, left circumflex flow, heart rate, or arterial blood gases (Table 1) . Despite the loss of this collateral flow, a significant quantity of the isotope administered at this time reached the ischemic tissue; this radioactivity averaged 40% of that taken up during the control period. Diversion of retrograde flow did reverse the transmural gradient of radioactivity in the ischemic region, since the isotope uptake of the outer two layers was reduced more ( -74%) than that of the inner layer (-30%). Retrograde coronary flow appeared to constitute a large portion of the collateral flow to the outer two layers of the left ventricular wall but only a small portion of the collateral flow to the subendocardial tissue. Duplicate flow determinations made with differently labeled microspheres agreed closely for both normal and ischemic tissue (Table 4 ) and thus demonstrated that multiple administrations of approximately 5 x 10" microspheres did not alter the distribution of flow in these tissues. The duplicate values were averaged for the best estimate of control myocardial blood flow.
Data from experiments in which regional myocardial blood flow was determined with radioactive microspheres are shown in Table 5 . The results of these experiments are quite similar to those already described. Again, flow in the normal myocardium was uniformly distributed in the control state and unaltered by diversion of retrograde flow. The
TABLE 4
Repeatability of Measurements of Blood Flow in Normal and Ischemic Myocardium with 5 x 10'* Radioactive Microspheres 8-10fi in diameter (N -6)
Determination ischemic region exhibited a definite flow gradient (epicardium greater than endocardium, P < 0.05) when the retrograde cannula was clamped. This gradient tended to be reversed by diversion of retrograde flow, which again caused a marked reduction in flow (-92%) to epicardial and midmyocardial tissues but only a moderate (-29%) reduction in flow to subendocardial tissue.
Discussion
This investigation offers new information about the transmural distribution of the component of myocardial collateral flow that can be collected retrogradely and confirms earlier, but disputed, reports that total collateral flow exceeds retrograde flow. Furthermore, the similarity between data derived from "K and "Rb and data derived from microspheres confirms the usefulness of these diffusible indicators for regional flow measurements in both normal and ischemic myocardium.
The technique of measuring regional blood flow by cellular uptake of radioisotopes of rubidium and potassium has been extensively used to determine the distribution of myocardial blood flow (14) (15) (16) (17) (18) . The success of this technique, as described by Love (11) , is based on the ease with which these ions move from plasma into the large intracellular pool of potassium, which acts as a sink to prevent their 
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Epi -epicardial third, Mid = middle third, and Endo -endocardial third of left ventricular free wall. P values indicate the difference from control.
* Retrograde cannula closed.
rapid return to the extracellular compartment (19) . Although the use of this method for measuring flow to ischemic tissue has been criticized on the basis that ischemia alters uptake of the tracer by an unknown amount (20) , this problem was circumvented in the present investigation by using one tracer of potassium for the control measurement and the other for the experimental measurement in each heart. If the two tracers ( <2 K and "Rb) are similarly extracted by the myocardium, different amounts of them in tissue should be due to differences in coronary blood flow. Our data in Table 2 demonstrate that "K and "Rb are similarly taken up in normal and ischemic myocardium. Use of these indicators was further validated by the similar effects of diversion of retrograde flow observed with the microsphere technique. It appears that the changes in extraction of "K and 8a Rb caused by hypoxia or alteration in flow rate (21) were small compared with the changes in the flow distribution caused by opening the retrograde cannula.
Collateral flow, as reflected by tissue uptake of Mffusible indicators and microspheres, appeared to be quite variable from one heart to another. This variation was probably due to the nonuniform, patchy distribution of collateral flow (22) , which could result in the sampling of variable amounts of tissue well supplied by collateral channels. Thus, it was important for each sample of myocardial tissue to be its own control.
Diversion of retrograde collateral flow reduced the delivery of radioactivity to the ischemic region Circulation Research, Vol. 35. September 1974 markedly. This reduction, however, was not uniform transmurally nor was it complete (Tables 3  and 5) . Moreover, only a small portion of the delivered radioactivity could be attributed to intravascular "K and "Rb ( Table 3) . Since the Po 2 of the retrograde blood was not significantly different from that of aortic blood (Table 1) , the retrograde blood had not traversed exchange vessels in the ischemic myocardium prior to collection. Clearly, the radioactivity of this tissue was derived from collateral flow other than that collected retrogradely; this finding thus demonstrates that retrograde flow is but a portion of total collateral flow.
Earlier, Levy et al. (4) observed that "Rb clearance by the ischemic myocardium exceeds measurements of retrograde flow. This finding was disputed by Bloor and Roberts (5) on the grounds that the vascular volume within the tissue samples could have contained enough 8s Rb to account for the difference between clearance and retrograde flow. This problem was avoided in our investigation by administering " Rb and 42 K as a bolus and waiting at least 2 minutes before cardiectomy. The rapid movements of these ions from blood to tissue (23) accounted for our observation that the vascular volume contributed insignificantly to the radioactivity measured in the myocardial tissue samples.
Cibulski et al. (6, 24) have also observed that retrograde flow is but a fraction of total collateral flow estimated from 85 Kr clearance. Their data show that retrograde flow is more sensitive than total collateral flow to ligation of epicardial collateral vessels; this finding is consistent with our observation that retrograde flow is collateral flow diverted primarily from subepicardial tissue. Although Schaper (1) holds that the coronary anastomoses in the normal dog heart are primarily subepicardial, in contrast to those in man and the pig, it appears from our observations that collateral pathways to the subendocardial region of the dog heart exist and are largely independent of those supplying the subepicardial region. This arrangement might involve a subendocardial plexus like that found in human hearts (25) .
The studies using microspheres substantiated the finding with 43 K and "Rb that retrograde flow is collateral flow that would have perfused primarily the outer two-thirds of the ischemic ventricular wall. Furthermore, the microsphere studies ruled out luminal diffusion of the flow tracers as the explanation for the apparent insensitivity of subendocardial flow to retrograde diversion. However, two other possible explanations for the difference between the transmural distributions of total and retrograde flow should be entertained. First, channels originating from the left ventricular cavity might carry significant quantities of flow tracers into the ischemic myocardium (26) (27) (28) (29) . Earlier studies have disagreed as to whether flow from this source is preferentially distributed to subendocardial tissues (26, 27) . Our findings are compatible with the view that a significant portion of blood flow to acutely ischemic subendocardial tissue enters through these luminal channels. The second explanation involves microcirculatory anastomoses postulated by Levy et al. (4) . These channels should not contribute significantly to retrograde flow, since the resistance to forward flow would be considerably less than that to flow in the retrograde direction. However, they might account for the differences that we observed in the distributions of retrograde and total collateral flow, especially if the anastomoses are more numerous in subendocardial tissues.
This report describes the transmural distribution of the collateral flow that can be diverted from ischemic myocardium by opening the retrograde cannula. Although it is possible that additional flow might be collected retrogradely due to the low resistance of the cannula (2, 3), this additional component of retrograde flow appears to be small. For example, if the weight of the ischemic region is 30 g (Downey, unpublished measurements in other animals), collateral flow to ischemic tissue would be 3.6 ml/min with the cannula open and 0.8 ml/min with the cannula closed ( Table 5 ). The flow diverted from ischemic myocardium (approximately 2.8 ml/min) would thus represent 80% of the average measured retrograde flow of 3.5 ml/ min.
